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Abstract Coastal wetland carbon pools are globally important, but their response to interacting facets
of global change remain unclear. Numerical models neglect species-specific vegetation responses to sea
level rise (SLR) and elevated CO2 (eCO2) that are observed in field experiments, while field experiments
cannot address the long-term feedbacks between flooding and soil growth that models show are
important. Here, we present a novel numerical model of marsh carbon accumulation parameterized with
empirical observations from a long-running eCO2 experiment in an organic rich, brackish marsh. Model
results indicate that eCO2 and SLR interact synergistically to increase soil carbon burial, driven by shifts
in plant community composition and soil volume expansion. However, newly parameterized interactions
between plant biomass and decomposition (i.e. soil priming) reduce the impact of eCO2 on marsh survival,
and by inference, the impact of eCO2 on soil carbon accumulation.
Plain Language Summary

Coastal marshes are important globally because they tend
to capture carbon from the atmosphere in their soils through the activities of plants, which could
help moderate the effects of climate change. We developed a numerical computer model based on
measurements from a long running elevated carbon dioxide experiment to predict how marshes will
change in the future under differing global change scenarios, and how these changes will impact carbon
in the soil. We found that elevated carbon dioxide allows marshes to survive faster rates of sea level rise,
which in turn allows them to sequester carbon at faster rates. However, we also found that changes in
plant communities and their effect on the decomposition of old plant material tends to reduce the overall
impacts of elevated carbon dioxide on marsh survival and carbon capture.

1. Introduction
Coastal marshes and their carbon pools adapt to sea level rise largely through ecogeomorphic feedbacks
in which increased flooding stimulates plant growth, mineral sediment deposition, and vertical soil development (D’Alpaos et al., 2007; Kirwan & Megonigal, 2013; Marani et al., 2007; Morris et al., 2002). Because plant productivity and organic matter accumulation are inherently linked in anaerobic soils, these
ecogeomorphic feedbacks also determine the amount of carbon that marsh soils accumulate through time
(Gonneea et al., 2019; Kirwan & Mudd, 2012). Recent work indicates that coastal wetlands are an important
global carbon sink (Chmura, 2013; Hopkinson et al., 2012; Mcleod et al., 2011), and that carbon accumulation rates increase with accelerated sea level rise (Rogers et al., 2019; Wang et al., 2019). Coastal wetlands
therefore potentially represent a unique negative carbon-climate feedback where carbon emissions lead to
faster rates of sea level rise and enhanced carbon sequestration, making them an important tool toward
mitigating changes in the Earth’s climate (Crooks et al., 2011; Holmquist et al., 2018).

© 2021. American Geophysical Union.
All Rights Reserved.

RIETL ET AL.

Nevertheless, the areal extent of coastal marshes has declined worldwide (Duarte, 2008), and there are concerns over the stability of coastal carbon pools in the face of interacting components of global change. Previous numerical modeling and stratigraphic observations suggest that the elevation of marshes and the size of
their carbon pools increase with sea level rise until some threshold rate, beyond which they drown (Kirwan
et al., 2010; Morris et al., 2002). Elevated CO2 (eCO2) increases marsh elevation gain in both short-term field
experiments (Langley et al., 2009; Reef et al., 2017) and long-term modeling efforts (Ratliff et al., 2015),
but how the interacting effects of SLR and eCO2 influence marsh resilience and carbon accumulation over
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decades to centuries is poorly understood. Empirical studies suggest that eCO2 increases soil carbon in terrestrial systems up to a saturation point (Heimann & Reichstein, 2008; van Groenigen et al., 2014) and may
make coastal marshes more resilient to SLR by increasing soil elevation via C3 plant productivity (Langley
et al., 2009; Reef et al., 2017). However, increases in plant productivity may in turn lead to increased decay
of older carbon via root-derived inputs of organic carbon and delivery of oxygen into an otherwise anaerobic soil, thereby decreasing the belowground carbon pool (Bernal et al., 2017; Jones et al., 2018; Mueller
et al., 2015; Wolf et al., 2007). Vegetation growth leads to a persistent oxygenated zone in wetland sediments
(Boaga et al., 2014; Marani et al., 2006), and root induced priming has been shown to be a key factor in
regulating the direction of change in terrestrial carbon stocks (van Groenigen et al., 2014). However, the
importance of priming relative to other drivers remains unexplored in coastal carbon pools.
Vegetation type may also be a strong driver of marsh carbon accumulation under SLR and eCO2. Due to
the relatively stressful conditions in coastal marshes, many plant species have evolved to use the C4 photosynthetic pathway, which unlike C3 plants, utilizes a CO2 concentrating mechanism that negates CO2
limitation. Thus, as opposed to studies of the effects of eCO2 on elevation in C3 marshes, C4 vegetation has
been shown to exhibit little to no response to eCO2 (Bernal et al., 2017; Morris & Bowden, 1986; Mueller
et al., 2015). Previous modeling neglects these differences in vegetation community response for simplicity
and because of inherent difficulties separating the effects of eCO2 in mixed C3/C4 communities (Ratliff
et al., 2015). Thus, a gap remains between short-term field experiments that show the importance of vegetation type, and long-term model experiments that suggest the importance of elevation dependent feedbacks.
Here, we demonstrate with a novel soil-cohort model that eCO2 and SLR interact synergistically to increase
soil carbon burial, driven by shifts in plant community composition, that facilitate an ever-expanding soil
volume.

2. Model Description
Our model is designed to simulate changes in the elevation and carbon content of a soil column at a single
point on a marsh surface through time, and in response to environmental drivers such as SLR and eCO2.
Following previous soil-cohort approaches (Kirwan & Mudd, 2012; Morris & Bowden, 1986), soil cohorts
are built annually through the deposition of mineral and organic sediment on the marsh surface and each
cohort expands and contracts through time according to organic matter production and decomposition
within the soil column. As in previous approaches, mineral deposition and organic matter production vary
with the depth and duration of tidal inundation of the marsh surface, and organic matter production and
decomposition decrease exponentially with depth below the soil surface. These models demonstrate that
marsh elevations and carbon stocks equilibrate to moderate rates of SLR, whereby rates of soil formation
equal rates of SLR, but drown under higher rates of SLR (Kirwan & Mudd, 2012; Mudd et al., 2009).
Previous modeling efforts have focused on capturing only the most essential ecomorphodynamic interactions, neglecting many plant and microbial feedbacks that determine carbon preservation (Spivak
et al., 2019). Here, we extend their utility by expanding the treatment of vegetation growth, belowground
production, and decomposition to include nuanced feedbacks between vegetation type, eCO2, and organic
matter priming. We consider two vegetation communities, a C4 marsh parameterized for Spartina patens
and a C3 marsh parameterized for Schoenopletus americanus, both common tidal marsh species across North
America. At elevations where species overlap, our model creates mixed communities with productivity and
decomposition parameterizations weighted according to the relative species distribution. Organic matter
decomposition rates increase as aboveground biomass increases (Jones et al., 2018; Mueller et al., 2015),
reflecting priming of soil organic matter decomposition associated with root exudation and turnover. The
model is used to explore the response of marsh soil carbon to interactions between SLR and eCO2 using
observations from the Smithsonian Global Change Research Wetland (GCReW), an organic rich microtidal
marsh on a tributary of the Chesapeake Bay (USA) that includes the longest running eCO2 experiment in
the world (Drake, 2014).
We parameterized our model using empirical data and a model hindcast to represent conditions similar to a
high marsh at GCReW. The entire GCReW site receives negligible mineral sediment, allowing us to simplify
lateral gradients in sediment supply, and isolate the effects of dynamic organic matter cycling as drivers of
RIETL ET AL.
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Figure 1. A hindcast model validation experiment in which an organic marsh equilibrated to a historic sea level rise
rate of 1 mm yr−1 was subjected to a modern rate of sea level rise at Kirkpatrick Marsh (3.6 mm yr−1) for 150 years to
recreate current conditions. (a) Accretion rate (mm yr−1; black line) and Elevation relative to sea level (m; blue line), (b)
Percent organic matter (LOI) for model output (black line) and field data from Kirkpatrick Marsh (open circles).

marsh accretion and carbon accumulation. While other modeling experiments on the effects of eCO2 treated C3 and C4 species identically (Ratliff et al., 2015), long-term data at GCReW conclusively shows that eCO2
increases C3 biomass production with little effect on C4 biomass (Langley et al., 2009; Wolf et al., 2007). Our
model therefore separates vegetation parameterizations for these fundamental plant functional types and
additionally accounts for GCReW data that shows the CO2 fertilization effect on plant biomass is maximized
at an intermediate inundation depth (Langley et al., 2013). Other empirical data used from the site includes tidal range, rooting depth profiles (Megonigal & Holmquist, 2021), species-specific relationships between aboveground biomass and elevation (Byrd et al., 2017), their responses to eCO2 (Drake, 2014; Langley
et al., 2009; van Groenigen et al., 2014), and the relationship between decomposition rate and aboveground
biomass (Jones et al., 2018; Mueller et al., 2015; Table S1).
In order to estimate the parameters for which we did not have data, chiefly the decomposition and turnover
rates of belowground biomass, we performed a model hindcast and adjusted unknown parameters until
the model produced stratigraphic characteristics consistent with GCReW. This consisted of a spinup period
that created an organic rich soil profile in equilibrium with the local late-Holocene rate of relative SLR
(∼1 mm yr−1), and then a 150-year model run under the historic local rate of SLR (3.6 mm yr−1) observed in
Annapolis, MD (NOAA, 2019). The model produced a final marsh elevation (0.34 m NAVD), accretion rate
(∼3.4 mm yr-1), and soil organic matter profile that are within the range of high marsh characteristics observed at GCReW today (Messerschmidt & Kirwan, 2020; Figure 1). Also consistent with field observations
at GCReW is the modeled loss of elevation relative to sea level (i.e., disequilibrium) (Figure 1), as evidenced
by the increase in flood tolerant C3 low marsh species encroaching into C4 high marsh habitat over the past
three decades (Lu et al., 2019). Taken together, these observations suggest that the model is generally capable of simulating soil-building processes at GCReW and other organic rich marshes.

3. Results & Conclusions
To understand basic model behavior in a submerging marsh, we began our model experiments by subjecting
a high elevation C4 marsh to a rate of SLR high enough to induce rapid drowning (25 mm yr−1; Figure 2).
In these model runs, simulations begin with a marsh elevation (0.43 m NAVD) and organic rich soil profile
created during the model spin-up period under a 1 mm yr−1 rate of SLR. Under ambient CO2 (aCO2), progressive inundation drives the conversion of a C4 marsh to a mixed community dominated by C4 vegetation
(>50%), then to a mixed community dominated by C3 vegetation, and finally to a C3 marsh that submerges
RIETL ET AL.
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Figure 2. Results from a model experiment in which an organic marsh equilibrated to a sea level rise rate of 1 mm yr−1 was subjected to a sea level rise rate of
25 mm yr−1 in order to induce submergence under ambient and elevated CO2 conditions. Background panel colors represent vegetation types; a C4 (green), C4
dominant (>50%) mixed (C4MD; blue), C3 dominant (>50%) mixed (C3MD; yellow), and C3 (purple) community. (a) Accretion rate (organic, mineral, and total)
and water depth above marsh surface at mean high tide for a submerging marsh under ambient CO2 conditions, (b) Organic matter dynamics (production,
decomposition, and net accumulation), and total carbon (g m−2) in the marsh soil profile for a submerging marsh under ambient CO2 conditions, (c) Accretion
rate and water depth above marsh surface for a submerging marsh under elevated CO2 conditions, (d) Organic matter dynamics and total carbon in the soil
profile for a submerging marsh under elevated CO2 conditions. Note the differing scales of the x-axes, and that negative water depths indicate a supratidal
position of the marsh relative to mean high tide.

(Figure 2a). Accretion for the first 10 years is driven purely by organic inputs into a saturated high marsh
that receives no tidal inundation. Although mineral accretion rates then increase through time, driven by
longer and deeper flooding of the marsh surface, our parameterization (suspended sediment concentration = 5 mg L−1; tidal amplitude = 0.22 m) limits mineral sediment deposition and ensures that organic
matter accumulation dominates marsh elevation change. Under the modeled instantaneous increase in sea
level rise rate (1–25 mm yr−1), organic accretion rates initially increase from ∼ 1 to 4 mm yr−11 (Figure 2a)
as production of C4 vegetation exceeds decomposition (Figure 2b). As vegetation shifts to more flood tolerant C3 vegetation with slower parameterized root turnover, organic accretion rates decline, and the marsh
eventually drowns (Figure 2a). Total carbon summed over the entire profile increases throughout the experiment, even as instantaneous carbon accumulation rates fluctuate during conversion to C3 vegetation
(Figure 2b).
Under eCO2 conditions, the model predicts qualitatively similar results (i.e., identical accretion rates for the
C4 vegetation community, fluctuation in organic matter accumulation driven by vegetation type, and eventual submergence of the marsh platform). However, the positive effect of eCO2 on C3 vegetation growth allows the marsh to survive longer than under aCO2 (Figure 2c). Elevated CO2 prolonged a state change from
tidal marsh to open water by over a decade under the accelerated rate of SLR applied in this modeling exercise (25 mm yr−1), a response that would likely translate into several decades under most contemporary SLR
scenarios. This behavior is driven by a bigger difference between enhanced production and decomposition
than under aCO2 (Fig. 2d), and a more persistent mixed community where rapid C4 turnover accompanies
C3 growth enhanced by eCO2, resulting in a synergistic enhancement of organic matter accumulation (Figure 2c). Total organic matter and carbon summed across the soil profile are higher under eCO2 (Figure 2d)
than aCO2 (Figure 2b), indicating that the priming effect of plant biomass under eCO2 does not completely
offset the increase in organic production.
Next, we conducted three separate model runs at 25 mm yr−1 to explore how our novel parameterizations
influence model behavior relative to approaches used in previous models, and in particular, the approaches
RIETL ET AL.
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Figure 3. Aboveground biomass production through time for model experiments employing the methodological
constraints of Ratliff et al. (2015) (a non-species-specific CO2 effect and no priming). Multi-species refers to our model
parameterization that includes a positive CO2 effect on C3 vegetation but not C4 vegetation and priming refers to our
model’s incorporated priming effect on decomposition. Each model experiment began by subjecting an organic marsh
equilibrated to a sea level rise rate of 1 mm yr−1 to a sea level rise rate of 25 mm yr−1.

used in the only other eCO2-informed tidal marsh model (Ratliff et al., 2015). Our model differs from previous models in two key ways: (a) we parameterize C3 and C4 species separately to include a CO2 fertilization
effect on C3 species only, as opposed to the assumption that eCO2 affects all vegetation (Ratliff et al., 2015),
and (b) our model incorporates a previously unexplored priming effect
where decomposition fluctuates with plant productivity due to the introduction of fresh carbon, and/or radial oxygen loss from roots and rhizomes (Jones et al., 2018; Mueller et al., 2015). This means our decay
rate is dynamic, changing throughout a model simulation as opposed to
a static value. In these experiments, both species-specific eCO2 responses and organic matter priming lead to faster marsh drowning relative to
the constraints of previous model (Figure 3). However, we also find that
priming has a much stronger effect than the species-specific eCO2 parameterization (Figure 3). This surprising behavior is illustrated by the substantial difference in biomass produced between runs with and without
species-specific effects, and yet little difference in the time until marsh
submergence. These strikingly similar results occur because the increase
in biomass of the C4 community under eCO2 is counterbalanced by an
increase in decomposition in our model (Figure 3). This highlights an
important aspect of our model, that production and decomposition are
tightly coupled through time due to the plant-mediated priming effect
and suggests that previous model results may overestimate the positive
effects of eCO2 on marsh resilience (Ratliff et al., 2015).
Figure 4. Results from model equilibration experiments in which a

high elevation C4 marsh was subjected to progressively faster rates of
sea level rise under ambient and elevated CO2. Carbon accumulation
rates (g m−2 yr−1) under ambient (black open circles) and elevated (red
open circles) CO2 at sea level rise rates between 1 and 12 mm yr−1. Marsh
drowns when sea level rise exceeds 4 mm yr−1 under aCO2 (black line)
and 11 mm yr−1 under eCO2 (red line). There is no effect of eCO2 on CAR
at low sea level rise rates because the marsh equilibrates to elevations too
high for C3 vegetation.

RIETL ET AL.

To understand the interactive effect of eCO2 and SLR on marsh resilience and carbon accumulation rate, we subjected a high elevation C4
marsh to progressively faster rates of SLR and ran the model until it either equilibrated to the new rate of SLR or drowned. These simple model
experiments illustrate that carbon accumulation rates (Figure 4) and total carbon in the soil profile (Figure 5) increase with increasing rates of
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Figure 5. Results from model equilibration experiments in which a high elevation C4 marsh was subjected to progressively faster rates of sea level rise under
ambient and elevated CO2. (a) Percent organic matter (LOI) for progressively faster sea level rise rates under ambient (solid lines) and elevated (dashed lines)
CO2 conditions, (b) total carbon (g m−2) in the marsh soil profile for progressively faster sea level rise rates under ambient (solid lines) and elevated (dashed
lines) CO2 conditions.

SLR until the point of marsh drowning. Interestingly, increases in soil carbon occur even as soils became
more mineral rich, driven by surficial sediment deposition that increased with tidal inundation (Figure 5).
Although this model behavior is consistent with faster burial and more efficient carbon preservation, we
suggest it is more likely due to mineral deposition rates that increase more quickly than organic matter
production rates, resulting in a relative decrease in percent organic matter (i.e., a decrease in carbon concentration). In contrast to terrestrial systems in which carbon accumulation is driven by changes in carbon
concentration (Lu et al., 2019; Stewart et al., 2007), our results uniquely illustrate that marsh carbon pools
are driven by changes in soil volume.
Our finding that carbon accumulation rates increase with the rate of SLR is consistent with previous
modeling and stratigraphic observations that attribute accelerating rates of carbon accumulation to the
reduction in carbon-sequestration saturation effects associated with an ever-expanding soil volume (Rogers
et al., 2019). However, the explicit modeling of the interaction between eCO2 and SLR leads to new insights
into the mechanisms responsible for increasing carbon accumulation. For example, based on inundation
alone, organic matter production decreases as marshes transition from pure C4 to mixed communities (Figure 2a), but under eCO2 C3 productivity more than compensates for the decline in productivity, and carbon
accumulation rates increase (Figure 2d). This finding is qualitatively similar to previous modeling demonstrating that SLR and temperature warming lead to an increase in carbon accumulation rates (Kirwan &
Mudd, 2012), but in those model experiments warming did not enhance marsh persistence. Here, our results show that eCO2 extends marsh persistence where SLR drives the conversion of C4 vegetation to C3 vegetation that accumulates organic matter faster under eCO2 (Figure 4). In these experiments, marshes drown
when SLR rates exceed 4 and 11 mm yr−1 under aCO2 and eCO2 respectively. Although specific threshold
rates of SLR and the quantitative effect of eCO2 on marsh accretion depend on model parameterizations, increased marsh resilience is generally consistent with empirical field experiments (Langley et al., 2009; Reef
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et al., 2017). Thus, the primary influence of eCO2 is to allow the marsh to survive faster rates of SLR, which
in turn facilitates soil volume expansion, and faster carbon accumulation (Figure 4).

Data Availability Statement
The organic content and accretion rate data is available at https://doi.org/10.25573/serc.11914140.v1. The
root distribution data is available at https://doi.org/10.25573/serc.13073249. All other data used to parameterize or test the numerical model is already published or otherwise publically available.
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